The aim of the study was to investigate gender-specific effects of a maternal treatment with dexamethasone (DEX) at multiple maximum therapeutic doses during the last 25 d of pregnancy on the bone tissue metabolism in neonatal piglets. BMD and BMC were measured. The geometry, histomorphometry, and mechanical properties of bones were determined. The assessment of selected hormones, cytokines, and amino acids was performed in 35-day-old piglets. DEX administered prenatally inhibited neonatal bone development, as well as bone mineral density, and geometrical and mechanical properties of bones. Neonatal GC-induced bone loss was linked with disturbed somatotropic axis function and decreased serum concentration of GH in male piglets and decreased concentration of IGF-1 in females. Prenatal DEX treatment led to an increase in the concentration of insulin and enhanced activity of bone specific alkaline phosphatase in piglets of both genders.
. The excess of dexamethasone (DEX) -a synthetic glucocorticoid -can serve as a model for defining the role of GCs in prenatal programming of physiological processes and behaviour in animals and humans (3, 6, 11, 20, 34, 35) . Moreover, movement of maternal GCs across the placenta and an increase in foetal GCs as the result of stress may influence foetal growth (2, 21, 17) .
Lack of knowledge about gender-specific effects of a maternal treatment with DEX at multiple maximum therapeutic doses on the bone tissue metabolism of neonatal piglets was considered in undertaking this study. To evaluate the effects of GC maternal treatment on skeletal properties, determination of bone morphology and histomorphometry, bone mineral density, and geometric as well as mechanical properties of long bones were performed. Bone metabolism was assessed by determination of serum activity of bone alkaline phosphatase and concentration of osteocalcin. Moreover, the concentration of various hormones essential for bone formation, selected cytokines, and plasma amino acids were used to monitor the effects of prenatal administration of maximum therapeutic doses of DEX.
Material and Methods
The experimental procedures used throughout this study were approved by the Local Ethics Committee on Animal Experimentation.
Animal, breeding, and experimental design. Ten multiparous sows (Large Polish White breed) were randomly chosen and mated naturally with the boar of the same breed, then their litters were used in this experiment. All sows showed a similar care for their earlier offspring. Sows were clinically healthy and singly housed in separated cages under standard rearing conditions (controlled constant temperature and humidity, controlled 12:12-h light-dark cycle) with free access to fresh water and fed twice a day (2.3 kg/d) standard commercial diet for pregnant and lactating sows. Twenty five days before delivery, the pregnant sows were randomly divided into two weight-and agematched groups. The first group of sows (DEX-sows; n=5) was treated intramuscularly with DEX (0.2% dexamethasone pro inj., Eurovet Animal Health B.V., The Netherlands) at the maximum dose of 0.08 mg/kg b.w. 48 h until the parturition. A total dose of DEX was about 104 mg per each pregnant DEX-treated sow. The second group of sows (PhS-sows; n=5) received physiological saline in the same volume and manner as DEX. The gestation length and mean total number of stillborn and live born piglets in litters did not differ between PhS-sows and DEX-sows.
Piglets were born naturally and had no congenital infections. All of the litters contained eight or more piglets. On the day of the birth (postnatal day 1), litters were weighed and sexed before suckling. Females and males were treated in the same manner and used in the subsequent study. Male piglets were not castrated. Piglets were not separated from mother after farrowing and were held in the same cage. Animals were not transferred from one sow to another. Piglets during suckling did not receive solid feed, iron, or other medication. Twenty-four males and 24 females at the age of 35 d were randomly chosen and assigned to four groups. Piglets from PhS-sows belonged to the control group of males (n=12) and females (n=12), and piglets from DEX-sows belonged to Dex group of males (n=12) and females (n=12). Next, piglets were weighed and euthanised by intravenous injections of lethal doses of pentobarbitalum natrium (Morbital, Biowet, Pulawy, Poland).
Bone analysis. Left femora, left humeri, and two ribs (6 th -7 th ) taken from both sides were isolated. After cleaning of remaining soft tissues, the bones were weighed and measured. Each limb bone was wrapped in gauze, soaked in isotonic saline, and stored at -25 ºC for further analysis.
Mechanical properties of bones were determined identically for both groups after thawing at room temperature using a three-point bending test in INSTRON 4302 apparatus (Instron, Canton, USA) linked with a computer. Relationship between forces perpendicular to the longitudinal axis of the bone and the displacement were registered. The distance between bone supports was set at 40% of total bone length and bone samples were loaded with a constant speed of 10 mm/min. The maximum elastic strength (Wy) and the ultimate strength (Wf) of the bones were determined (7) .
The geometry of bone was estimated on the basis of measurements of horizontal and vertical diameters of the mid-diaphyseal cross-section of this bone as described previously (7) . The cross-section area (A), the mean relative wall thickness (MRWT), and cortical index (CI) were determined (7) .
Bone mineral density (BMD) and bone mineral content (BMC) were determined using the dual-energy X-ray absorptiometry (DEXA) method on NORLAND XR 43 apparatus supplied with Research Scan software (Norland, Fort Atkinson, USA). These measurements were performed for the whole bone samples and for proximal part of each limb bone including both the trabecular and cortical bone compartments, and for the neck of ribs (the flattened portion, which extends laterally from the head, about 2.5 cm in length).
Histomorphometry. The fragments of bone from the head of each rib through the neck to a distance of 5 mm pass the tubercle were taken. Samples preparation was conducted as describe previously using the same equipment (32 The plasma samples were analysed using an ion-exchange chromatography on an INGOS AAA 400 automatic analyser (Ingos, Czech Republic), and the concentration of arginine (ARG), isoleucine (ILE), leucine (LEU), lysine (LYS), alanine (ALA), glycine (GLY), glutamine (GLU), glutamate (GLN), ornithine (ORN), and proline (PRO) were determined.
Serum concentrations of calcium, phosphorus, magnesium, iron, and copper were determined using energy-disperse X-ray spectrometry (ED 2000 Spectrometer, Oxford Instruments, UK) and expressed in mg/g dry matter of the lyophilised sample.
Statistical analysis. All results are expressed as means ± SEM (standard error of the mean). Differences between means were tested with the Two Way ANOVA and post hoc Tukey's test as the correction for multiple comparisons. Normal distribution of data was examined using the W. Shapiro-Wilk test and equality of variance was tested by the Levene test. P<0.05 was considered statistically significant. All statistical analyses were carried out by means of STATISTICA 8.0 software (www.statsoft.com).
Results
Body weight. Body weights of female newborn piglets in the control and Dex groups were not significantly different and reached 1,350 32 g and 1,197 22 g, respectively. Body weights of DEX-treated male newborn piglets reached the value of 1,389 42 g and were significantly lower compared with the value of 1.616 37 g obtained in the male control piglets (P<0.001).
The final body weight obtained at the age of 35 d in prenatally DEX-treated females was 4,730 230 g and did not differ from the value of 5,850 539 g obtained in the female control group. Prenatally DEXtreated males (7,960 154 g) did not weigh significantly less than the control males (8,441 290 g).
Bone weight, length, density, geometry, and mechanics. Results of the morphological and mechanical properties, as well as bone mineral density measurements of limb bones and ribs of piglets are presented in Tables 1 and 2 . Prenatal DEX-treatment resulted in a significantly reduced value of ultimate strength of the femur, reduced value of maximum elastic strength and cross-sectional area of ribs, and reduced BMD in male offspring. Moreover, maternal administration of DEX significantly reduced ribs geometry and BMC of the femur and ribs in female piglets at the age of 35 d.
Histomorphometry.
Results of the histomorphometric measurements are presented in Table  3 . Prenatal DEX treatment significantly reduced the length of trabecular border line, the area of osseous lacunae, the area of osseous lacunae per mm 2 of trabeculae, and the area of trabecular ribs of male and female piglets when compared with the values of the same parameters obtained in the control group (Fig. 1) . Growth hormone, bone specific alkaline phosphatase, osteocalcin, leptin, insulin, and insulinlike growth factor-1 (IGF-1), and adiponectin. Results of biochemical analyses of serum obtained from piglets at the age of 35 d are presented in Table 4 . Prenatal DEX-treatment of piglets significantly decreased the concentrations of GH, and increased insulin concentration and the activity of BAP in male piglets when compared with the control group. DEXtreated female piglets had a significantly higher concentration of leptin and insulin as well as the activity of BAP, and a significantly lower concentration of IGF-1 in the serum compared with the control animals.
Plasma concentration of amino acids and serum concentration of macro-and microelements. Plasma concentrations of selected amino acids are presented in Table 5 . The concentrations of many nonessential and essential amino acids were significantly affected by DEX in female and male piglets when compared with the control group. Selected macroand microelement concentrations in serum from male and female piglets were not influenced by prenatal administration of DEX. Data are not shown.
Discussion
Results of this study indicate that DEX given to pregnant sows inhibits neonatal bone development of piglets. Although, body weight of DEX-treated male piglets (14%) was more reduced than DEX-treated female piglets (11%) compared with the control group, the rate of neonatal development of prenatally DEXtreated piglets was comparable in male and female offspring. In none of the male and female offspring treated with DEX the growth retardation persisted until weaning, despite the fact that final body weight of females at the age of 35 decreased about 20% comparing with female control group. Furthermore, suckling piglets that underwent the prenatal DEX treatment had enhanced concentration of amino acids, which could constitute a possible additional mechanism involved in attaining the appropriate, optimal body weight. More agents might independently determine the postnatal growth, such as adiponectin that was untouched by treatment with maximum therapeutic doses of DEX. Adiponectin, a hormone of adipose tissue modulates a number of metabolic processes, acts like leptin and can be reduced by the weight decrease (12, 24, 38) .
The compensatory growth of male piglets of sows treated with DEX at multiple minimal therapeutic doses during the last 24 d of prenatal time is achieved about 30 d after the birth. The compensation was referred to body weight, and the geometry, as well as weight, and length of the humerus (32) .
In spite of the achieved compensation in body and bone weights, female offspring at the age of 35 d had BMD and BMC of the whole femur decreased about 8.3% and 18.7%, respectively. In the same way DEX reduced bone mineralisation of the humerus and the distal part of the femur in males (BMD and BMC by 12.5% and 23%, respectively), while serum concentrations of calcium and phosphorus were unchanged in DEX-treated piglets of both genders (data not shown). However, the amount of bone tissue accumulated in ribs, expressed by the value of BMC, was more decreased in males than females (12% and 6%, respectively) when compared with the controls. Moreover, the results of this investigation showed that DEX administration to pregnant sows during the last 25 d of pregnancy affected the geometry of ribs. In the group of females prenatally treated with DEX, in spite of geometrically immature skeleton and reduced mineralisation, no alteration of mechanical parameters was observed. On the basis of the performed analyses of the bone, this study showed that both reduced mineralisation and decreased histomorphometric parameters were responsible for lowered bone mechanical endurance in male piglets. While maternal DEX treatment induced greater geometrical immaturity in females than males, the mechanical parameters were much more reduced and bone loss was much more enhanced in male piglets.
The results of bone analyses obtained in this study are very similar to earlier results, in which smaller doses than the ones presented in this study were investigated (35) . Considering previous data related to prenatal manipulation, hormonal mechanisms have been investigated. The major functions of skeleton, i.e. support and protection, changed in response to the unfavourable foetal environment, which may be associated with the lack of production of a specific enzyme or hormone and reduced activity of some metabolic function. The regulatory system of foetal development that may influence postnatal bone tissue metabolism and peak bone mass, achieved at the end of the bone maturation, consists from three endocrine axes, i.e. the hypothalamic-pituitary-adrenal, endocrine pancreas, and somatotropic (8, 13, 19, 22, 27, 31, 34, 36) . Among many systemic factors -insulin, GH, leptin, and GCs influence bone metabolism. GH is an important modulator of insulin sensitivity, which seems to be the main hormone involved in the short-term control of muscle protein synthesis from nutrients in pigs (18, 28) .
Leptin is produced in adipose tissue and directly stimulates bone growth although declines with advancing age in pigs (16, 37) .
This study showed that harmful effects of the maternal DEX treatment on neonatal skeletal system development were mediated by changed somatotropic axis. It is supported by significantly reduced serum concentration of GH in male piglets from the Dex group. Moreover, in spite of decreased concentration of GH, males had unchanged concentration of leptin, OC, and IGF-1, and enhanced level of insulin. While in females, the concentration of IGF-1 decreased, and insulin, leptin, and GH increased. The elevation of insulin concentration following the meal consumption was probably due to the release of leptin. Furthermore, current study showed that DEX given to pregnant sows resulted in enhanced activity of BAP, the biochemical marker of bone formation. On the other hand, the function of growth hormone/IGF-1 axis, affected by maternal DEX treatment, might led to bone loss.
In conclusion, DEX administered prenatally at multiple maximum therapeutic doses inhibited neonatal bone development in pigs, as well as their bone mineral density and the geometrical and mechanical properties of bones. Neonatal GC-induced bone loss was linked with disturbed somatotropic axis function, decreased serum concentration of GH in male piglets, and lowered concentration of IGF-1 in females. However, further investigations should be performed to study the role of GC in epigenetic modification of the growth and bone development, by suboptimal conditions in prenatal life, and conditions associated with adult bone diseases in animals as well as humans.
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